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ABSTRACT 

Msssbauer  Spectroscopy h a s  s t a r t ed  t o  come into its own as  a n  analytical 
In o r d e r  to understand what h a s  been accomplished and the potential applica- tool. 

tions of the MBssbauer Effect,  one m u s t  understand nuc lear  resonance absorption 
and how i t  i s  effected by the environment  of the absorbing nucleus. The per turba-  
tion of the  nuclear ene rgy  levels of MBssbauer nuclides and the resu l tan t  cha rac t e r -  
i s t i c s  of Mdssbauer spec t r a  a r e  reviewed. ,This  includes the i s o m e r  shift and i t s  
dependence on the e lec t ron  dens i ty  about the  nucleus,  quadrupole splitting and magne- 
t ic  hyperfine splitting as  wel l  as  the  t e m p e r a t u r e  dependence of these proper t ies .  
Corre la t ions  of the above p rope r t i e s  with the ionic s ta te ,  electronegativity of a bond- 
ing component or  with theore t ica l  e lec t ron  density calculations c a n  b e  accomplished. 
The Debye-Waller fac tor  f o r  both the sou rce  and abso rbe r  ma te r i a l  places cer ta in  
r e s t r i c t ions  on the ability to  obse rve  the  MBssbauer Effect with all poss ib le  M b s s -  
hauer  nuclides.  Two typical MBssbauer spec t romete r  sys t ems  a r e  descr ibed .  One 
ut i l izes  a constant velocity mode  of operation fo r  obtaining data, at one velocity a t  
a t ime .  The other u t i l i zes  a constant acce lera t ion  mode  of operation which scans  
the chosen velocity range repeti t ively,  storing the counting data in  a multichannel 
ana lyzer .  
devices  m a y  differ. 
effects such a s  adsorption and the  study of the  bonding of some organo meta l l ic  
compounds will be d iscussed .  

The bas ic  detection sys t em is  the s a m e  for  both sys t ems  but the readout 
Application of M6ssbauer  Spectroscopy in  the study of sur face  

\nother  technique h a s  been added in  the  f ie ld  of spectroscopy. This  new 
method of analysis depends upon the  observance of nuclear  resonance absorption 
which in  tu rn  depends upon the  recoi l  f r e e  emis s ion  and recoil  f r e e  absorption of 
g a m m a  r a y s ,  o r  the Mbssbauer  effect. 
applied t o  th i s  new and v e r y  useful ins t rumenta l  method which complements  the 
m o r e  established techniques of NMR, ESR and x - ray  diffraction. 

The t e r m  MBssbauer Spectroscopy has  been 

The theory behind the  MBssbauer effect h a s  been fully desc r ibed  by Mass-  
hauc r  ( 2 3 ) ,  Frauenfelder  (24 )  and Wertheim ( 3 )  and will not be descr ibed in detai l  
h e r e .  Ce r t a in  nuclides (MBssbauer nuc1ides)exhibit  a nuclear decay scheme where  
the  t rans i t ion  f rom the  f i r s t  excited nuclear leve l  (and somet imes  second excited 
nuclear  leve ls )  to the ground s ta te  may  occur with the  recoi l less  emis s ion  of a 
gamma r a y .  This gamma r a y  is  uniquely capable of ra i s ing  a s i m i l a r  nucleus i n  
the  s a m e  type environment f r o m  the  ground s ta te  to  the  f i r s t  ( o r  second) excited 
nuclear  leve l  by recoi l less  absorp t ion  ( resonant  absorption).  Most  of the  e l emen t s  
that  have one or m o r e  of t h e s e  MBssbauer nuclides a r e  shown on the  accompanying 
cha r t  (F ig .  1) .  The resonant  absorp t ion  p r o c e s s  depends on the fac t  that the e m i t -  
ting ( sou rce )  and absorbing (sample) spec ie s  a re  bound in  a c rys t a l  la t t ice .  

- - 

Resonance absorp t ion  m a y  be  destroyed by employing the Doppler effect. If 
n c - e  e i ther  source  3r a b s o r b e r  re la t ive  t o  the  o ther  we may a l t e r  the conditions 
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necessa ry  for  resonance absorption. 
e i ther  the source o r  abso rbe r  toward the other (a positive Doppler velocity) we 
inc rease  the energy of the gamma r a y  a s  s een  by the absorbing species .  
ing one away f r o m  the other (a negative Doppler velocity) we d e c r e a s e  the energy 
of the gamma ray a s  s een  by the absorbing species.  
t r u m  would therefore  be the plot of the r a t e  of t r ansmiss ion  of the gamma ray  
through the absorbing sample a s  a function of th i s  Doppler velocity. 
condition resu l t s  i n  a noticeable dec rease  in  t r ansmiss ion  (resonant  peak). The 
p a r a m e t e r s  of such a spectrum include M ( o r €  ), the percent  d e c r e a s e  in  t r ans -  
mission (magnitude of the peak) a t  the resonant  velocity and r, the width of the r e -  
sonant peak a t  half maximum a s  shown in Fig.  2. 

Essent ia l ly  what happens is that by moving 

By mov- 

A complete Mbssbauer  spec- 

The resonant 

Resonance absorption occur s  a t  ze ro  velocity only i f  both the emitt ing and 
absorbing species  a r e  in the same physical environment. 
the resonance absorption may occur  a t  a non-zero velocity. This  displacement of 
the resonance f r o m  ze ro  velocity is  called the chemical o r  i s o m e r  (I.S.=cr) (Fig.  3) .  
The i somer  shift value is  a l inear  function of the 5 electron density and f o r  Fe-57 
dec reases  with increasing - s electron density (1). The 4 electron density affects the 
i somer  shift mostly by shielding the s e l e c t r o n f r o m  the nucleus. Adding d elec- 
t rons  to the atom of in te res t  d e c r e a s e s  the electronic  charge density a t  t henuc leus ,  
an  effect  just  the opposite of that resul t ing f r o m  the addition of 5 electrons.  The 
contribution to  the shift f r o m  the p electrons i s  ve ry  sma l l  (2). 

If th i s  is not t rue  then 

Since the electron density a t  the nucleus i s  a function of the oxidation state 
of the absorbing atom and of the electronegativity of i t s  n e a r e s t  neighbors we have 
a means of qualitatively identifying compounds, determining oxidation s ta tes  and 
s t ructural  information concerning the absorbing mater ia l .  F o r  example,  i n  Fig.  4 
we can see how different t in (IV) hal ides  give ve ry  noticeably different i somer  
shifts .  
of surrounding F atoms (i t  i s  believed to  have a polymer l ike s t ruc ture) .  

The SnF4 gives a quadrupole splitting because of the inhomogeneous field 

Quadrupole splitting (QS=A= distance between the two resonance peaks)  is due 
t o  the interaction of the inhomogeneous e lec t r ic  field at the nucleus (due to  the 
environment) with the electr ic  quadrupole moment of the exci ted nucleus.  The re- 

,sul t  i s  a doublet or two resonant  peaks.  This  occur s  because the f i r s t  nuclear ex- 
'cited level spl i ts  into two sublevels and two t ransi t ions (of slightly different energy) 
may occur (Fig.  5). 
tion state and the nature of the chemical bonding of the absorbing a tom (L). It a l so  
may be used a s  a method of determining the symmet ry  of c r y s t a l s  and crys ta l  dis-  
tort ion incu r red  by substitution in  the compound a s  shown in Fig.  6. The i s o m e r  
shift of a quadrupole split spec t rum i s  taken a s  the displacement of centroid f r o m  
ze ro  velocity. 
of the ferrocyanide due to  the fact  that the 5 electron density about the i ron  atom has 
changed when one of the l igands changed. 

Quadrupole splitting may  be related quantitatively to  the oxida- 

In Fig.  6 the i s o m e r  shift of the ni t roprusside is  different than that 

. Another interaction, that of the nuclear magnetic moments  and the external  
o r  intermolecular  magnetic fields resu l t s  in  magnetic hyperfine splitting (MHS) of 
the spec t r a  (a  nuclear  Zeeman effect) ,  (Fig.  7) In the case  of i r o n  we may  obtain 
a spectrum with s ix  resonances.  Identification of magnetically o r d e r e d  s t ruc tu res  
and determination of Curie and Ne'el t empera tu res  for  many m a t e r i a l s  may  be 
accomplished by studying their  MHS spec t r a  (2). 
l ic  compounds h a s  been used t o  determine the magnetic p rope r t i e s  and s t ruc ture  of 
these  ma te r i a l s  (25). 

The MHS of r a r e  e a r t h  intermetal-  

- 
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Double six l ine s p e c t r a  may  be obtained when the i ron  p resen t  in the absorb-  

e r  may be in e i ther  of two different  environments (having different nea res t  neighbors) 
o r  two different c rys ta l  s t r u c t u r e s  ( te t rahedra l  and octohedral)  where the internal 
maenetic field i s  different a t  each site. *A. ccr.p=si:s. of a six L i e  and d one or two 
l ine spec t rum may occur  when two f o r m s  (magnetic and nonmagnetic) of a mater ia l  
such as F e z 0 3  a r e  p re sen t  i n  the abso rbe r .  

The . i somer  shift f o r  spli t  spec t r a  i s  r eco rded  by taking the centroid of the 
spec t rum and measuring i t s  displacement  f r o m  zero velocity. 

MBssbauer spec t r a  m a y  not always be as uncomplicated a s  one of the three 
basic f o r m s  descr ibed.  But combinations and per turbat ions of the basic f o r m s  can 
usually be separated into component factions (bas ic  f o r m s )  with l i t t le  difficulty, 
(especial ly  with computer cu rve  fitting p rograms)  providing a wealth of information 
about the abso rbe r  sample.  General ly  i t  may be said that the a r e a  under the reson-  
ance peak i s  proportional t o  the amount of the element  under investigation in a p a r -  
t i cu la r  type of sample (%). Mgssbauer  Spectroscopy can provide quantitative inform- 
ation a s  well a s  qualitative information about the sample.  

Examples  of some of the information obtained using MEssbauer spectroscopy 
m a y  be shown with a few typical spec t r a .  
of the tin (IV) halide compounds. 
typical ,  a s  shown in Fig.  8 (a wide splitting for  f e r r o u s  and a narrow splitting for  
f e r r i c  compounds) . 

We have seen the different i somer  shifts 
In most  i ron compounds a quadrupole splitting i s  

Many different i r o n  compounds have the i r  i s o m e r  shifts  and quadrupole spli t-  
t ings l i s ted  in a table compiled by Fluck et  al .  The accompanying d i ag ram (Fig.  10) 
shows cer ta in  band locat ions on the velocity ax is  where i s o m e r  shift and quadrupole 
spli t  values  may be found. 
a l ly  l inear  f r o m  -12OoC to t8OoC (1). 
t o  the c rys ta l  s t ruc ture  (22). 

The influence of t empera tu re  on these values is gene r -  
The influence of p r e s s u r e  v a r i e s  according - 

Tempera tu re  dependence of the e lec t r ic  quadrupole splitting and i somer  
shif t  values  can provide much information on chemical  s t ruc tu re  and bonding (26). 
F o r  exam l e ,  the sixth e l ec t ron  in  excess  of the half f i l led shell  in f e r r o u s  com- / 

the lower t empera tu re  the lowest  molecular  orbi ta l  i s  most populated and therefore  
we find the highest quadrupole  splitting. A s  the t empera tu re  r i s e s  all molecular  
orb i ta l s  a r e  populated equally and A E  approaches ze ro .  The d5 configuration for  
i ron has  a much sma l l e r  t e m p e r a t u r e  dependency. Brady, Duncan and Mok have 
r epor t ed  the t empera tu re  dependence on a number of high and low spin i r o n  com-  
pounds ( 2 7 ) .  

1 

pounds (d r? ) causes  a s h a r p  t e m p e r a t u r e  dependence on the quadrupole splittigg. At 

- 

P r e s s u r e  dependence of MBssbauer spec t r a  may  be much sma l l e r  than 
t empera tu re  dependence un le s s  the ma te r i a l  can be significantly compressed to a l te r  
the bond lengths or the environment  of the absorbing nucleus.  
s y m e t r i c  and changed equally with p r e s s u r e  the electron density would change r e -  
sulting in an  i somer  shift. 
tnetry i s  present  in the a b s o r b e r .  M6ssbauer  Spectroscopy may thus detect  s m a l l  
a c y m m e t r i e s  which a r e  not m e a s u r a b l e  by x - r a y  diffraction (28).  

If al l  the bonds were  

Quadrupole spli t t ings may change with p r e s s u r e  if a s y m -  

i - 
Other studies of i s o m e r  shifts  have been made on i ron compounds (E), i r o n  < 

Croanic compounds (Li), tin compounds (2.15,16), and iodine compounds (17). 
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Studies on the bonding of c la therates  (Kr)  and rare gas  compounds (3) have 
been made using MBssbauer Spectroscopy. 
such a s  i ron carbonyls,  ferrates ' ,  dipyridyl i r o n  complexes and SnF4 (polymer-like 
s t ructure)  ( 1 , 2 )  have a l so  been studied using this  new non-destructive method of 
analysis.  

Structural  data on many 'compounds 

- -  

Wertheim and co-workers  have co r re l a t ed  the i s o m e r  shift values  of Fe-57 
Their  diagram is shown in a s  a function of 3d and 4 s  electron charge density (2). 

Fig. 9 and i t  provides a useful aide in determining electron charge density f o r  com- 
pounds of interest .  

Since most of the original work in the field of MBssbauer Spectroscopy h a s  
been with i ron,  many potential applications of th i s  technique in the non-destructive 
testing of me ta l s  and alloys have a l r eady  been discussed (2,k). Mzssbauer  Spectro- 
scopy may be used in quality control or  for  the study of alloy s t ruc tu re  and i t s  re la -  
tion to  the magnetic hyperfine f ie lds  of the alloy. 
defects on me ta l s  or  gas  absorption on me ta l  su r f aces  (e.g. catalysts)  may  a l so  be 
studied using th i s  technique. 
tain minority ingredient can usually be detected i n  a host m a t r i x  (2). 

Cor ros ion  and ce r t a in  surface 

Mineral  a s s a y  methods a r e  being developed since c e r -  

Many of the above studies r equ i r e  thick samples  which prohibit t r ansmiss ion  
type experiments.  
both the sou rce  and detector be on the s a m e  s ide of the abso rbe r  (shielded from one 
another).  The re-emit ted radiation ( f rom the decaying resonantly excited absorber  
nucleus) i s  detected and instead of a d e c r e a s e  in  counting ra te  a t  resonance we ob- 
se rve  an inc rease  in  detection of the Mbssbauer  gamma ray ,  resul t ing i n  a MESS- 
bauer spectrum just  the inve r se  obtained in  a t r ansmiss ion  experiment.  

Therefore  a scat ter ing technique is used. This  r equ i r e s  that 

Investigation of i ron  compounds h a s  extended the use  of Mbssbauer  Spectro- 
scopy to the f ie ld  of biology. 
globin and some  of the i r  r e s u l t s  a r e  shown on Fig.  11. 
sult f r o m  different l igands bound t o  the cent ra l  i r o n  atom. 
of hemoglobin has  recent ly  been published by Lang, e t  al. 

Gonzer,  Grant  and Kregzde (10) have studied hemo- 
The different spec t r a  r e -  

A m o r e  extensive study 
Other work  h a s  been 

\ 

\done with heme and hemin compounds (12) ferrodoxin (11) and i ron  porphyrins  (5). 
Iodine is  another element that  h a s  recent ly  allowed Mbssbauer  Spectroscopy 

t o  be used in the biological field. 

I 

\ 

Cryogenic techniques ( to  provide a stiff ma t r ix )  have been developed that allow 
the experimenter  t o  study spec ie s  s table  or  m o r e  easi ly  available i n  solution. Some 
of these techniques and the general  application of MBssbauer Spectroscopy in Biology 
were  the subject of discussion a t  a 1965 symposium (9). 

The study of other Mbssbauer  e l emen t s  is  discussed extensively i n  recent 

This  MBssbauer Effect Data Index 
the p a r a m e t e r s  by nuclide. 

publications (18, 19.22). 
vestigations h a s  recently been published (E). ' h a s  the compilation of al l  the  data  obtained and lists 

A new index of a l l  publications concerning Mzssbauer  in- --- 
( 
1 

! 
' 

I 

Although many applications have been found using M6asbauer Spectroscopy. 

Spectra must be compiled and in s t rumen t s  compared to a s t anda rd  reference 
the field is jus t  blossoming. 
basis .  
point in  o r d e r  that  the values  obtained by different invest igators  b e  co r rec t ly  inter-  
preted.  

Most of the r e s u l t s  mus t  be in t e rp re t ed  on a n  empir ical  

' 
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It is interesting to  note that the National Bureau  of Standards in  the  United 

r Sta tes  now of fers  a s tandard  r e fe rence  c rys t a l  of sodium ni t ropruss ide  which gives 
a sha rp ly  defined quadrupole spli t  spec t ra .  
m m / s e c . )  provides an  a c c u r a t e  calibration of t he  inves t iga tors  velocity sca le .  
Dr .  J. J .  Spijkerman of the  NBS Labora tory  h a s  au thored  a recent  review a r t i c l e  
on Mdssbauer Spectroscopy which provides a compilation of publications f o r  1965, 
ca tegor ized  by element with comments  on the na tu re  of each  study, as  well as an 
excellent l i s t  of re ferences(22) .  
Greenwood in England (26). 

The d is tance  between the  peaks  (in 

Another excellent review was  recently published by - / 

It is  obvious f r o m  the expanding number  of publications that the Massbauer  
The fac t  that  M8ssbauPr 

I 

Effect is becoming a m o r e  effective analytical technique. 
Spectroscopy h a s  been accepted  as  a member  of the  spec t roscopy family is  a l so  
obvious f r o m  the  availability of commerc ia l  Msssbaue r  Effect Spec t rometers .  

I 
i Commerc ia l  and homemade Massbauer  Spec t romete r s  m a y  be divided into 

two bas ic  types,  mechanical (usually constant velocity) and e lec t ro-mechania l  
(usually constant acceleration).  
p rec is ion  la thes ,  c a m  dev ices ,  pulley a r r angemen t s  and piston type dr ives .  
of t hese  devices a r e  l imi t ed  to the  relatively low ve loc i t ies  (usually less than 2 cm/ 
sec . )  but may be  used t o  s tudy  most  i ron  and t i n  sys t ems .  A prec is ion  lathe type 
of M6ssbauer  Spec t rometer  tha t  is  commerc ia l ly  available (Fig.  12 )  moves  e i ther  
the  sou rce  o r  abso rbe r  at a given velocity (between 0.05 and 15 mm/sec . ) .  This  
i n s t rumen t  employs a synchronous  motor ,  and  a ba l l -d isc  in tegra tor  t r ansmiss ion '  
s y s t e m  t o  v a r y  the velocity. 
s tee l  l ead  screw which i n  t u r n  moves the sou rce  or a b s o r b e r  stage. When operat-  
ing a constant velocity s y s t e m ,  taking data f o r  one velocity a t  a t ime ,  one must  be 
v e r y  ca re fu l  that  the detection e lec t ronics  do not dr i f t  o r  the resu l tan t  spec t rum 
will be wor th less .  

The mechanical s y s t e m s  a r e  many and include 

1 
A l l  

, 

An O-ring coupling moves  the  prec is ion  machined 

An e lec t romechanica l  t r ansduce r  i s  the  type of ins t rument  used  f o r  a constant 
acce lera t ion  type of M8ssbaue r  Spec t rometer .  A voltage signal ( t r iangular ,  saw- 
tooth o r  sinesoidal)  i s  t r a n s f o r m e d  into a velocity in the  t r ansduce r .  Thus the  t r a n s -  
duce r  may sweep through a spec t rum of ve loc i t ies  ( f rom the  maximum in one direction4 
through z e r o  to  a maximum i n  the other d i rec t ions)  dur ing  each  cycle. A feedback 
s y s t e m  c o r r e c t s  f o r  any  deviation f rom the r e fe rence  voltage signal. 

/;' 

'' 

/ 
When operating at cons tan t  velocity the  da ta  is  accumulated in  one o r  two 

-4 multichannel ana lyze r  operating in  the  mul t i s ca l e r  mode is r equ i r ed  s c a l e r s .  
when operating at constant acce lera t ion .  
a given velocity. 
the MCA while i t  is advancing through i t s  channels. Synchronization is  most  f r e -  
quently established by slaving the Miissbauer spec t romete r  t o  the  MCA by deriving 
the r e fe rence  velocity signal f r o m  the a d d r e s s  r e g i s t e r  of the MCA. 

Each  channel will r ep resen t  a scaler for 
The re fo re  t h e  motion of the  t r ansduce r  must  be synthronized t o  

/ I  1' 
The National Bureau  of Standards s y s t e m  u s e s  the  analog signal f r o m  the f ,  

I 
a d d r e s s  r e g i s t e r  to d r ive  the t r a n s d u c e r ,  with a max imum velocity of 20 c m / s e c .  

c i ty  mode of operation is a l so  included in the  NBS sys t em.  
( commerc ia l  units a r e  ava i lab le  up to  60 c m / s e c . )  (F igs .  13A.B). A constant velo- 

The usual detection s y s t e m  used  with a Mgssbaue r  Spec t rometer  would in-  
clude a de tec tor ,  a high voltage supply pre-ampl i f ie r ,  a l i nea r  ampl i f ie r ,  single 
channel ana lyzer  s ca l e r  and t i m e r .  A multichannel ana lyze r  capable of operating 
in the  mul t i s ca l e r  mode should be  included i f  opera t ing  in the constant acce lera t ion  
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, 
1 
1 below 40 Kev. 
i 

mode. 
,drift problems in  the detection system. 
the gamma ray  of interest .  

This mode of operation i s  favored because i t  ave rages  a n y  smal l  e lectronic  
The type of detector  chosen'depends upon 

G a s  filled proport ional  counters  are general ly  used 

Velocity spec t ra  may be  obtained d i rec t ly  f r o m  the MCA by using an  X-y 
r eco rde r .  
i s  necessary  if  you wish to pe r fo rm a computer  analysis  of the data .  

Digital d.ata i s  obtained with a typewri ter  o r  paper  readout  system. This 

Cryogenic accesso r i e s  t o  cool both source  and absorber  during MBssbauer 
experiments  a r e  sometimes necessary .  Cooling is requi red  in o r d e r  t o  measu re  
the MBssbauer effect in sys t ems  containing cer ta in  nuclides (ones with low Debye 
tempera tures) .  
ent cryogenic liquids including helium. 
by the Joule-Thomson expansion of hydrogen gas .  
t empera ture  var ia t ion f r o m  160K to  70°K t o  bet ter  than *O. 5OK. 
sys t em one mus t  be ex t remely  careful  that the unit does not introduce any vibration 
to  the source o r  absorber  o r  resonance absorpt ion may be  destroyed.  

Many commerc ia l ly  available dewars  are designed to  contain differ- 
Another sys t em available provides  cooling 

Control of gas  p r e s s u r e  allows 
In any cryogenic 

Massbauer  sources  for  many nuclides a r e  a l s o  available commercial ly  and 
Some may be electroplated (Co-57 on copper,palladium 

Absorbers  a r e  eas i ly  
may vary  in composition. 
o r  platinum) o r  jus t  potted in  plast ic  (Sn-119m a s  BaSnOj). 
made by mounting the sample (foil or  powder) between two shee ts  of 5 mil mylar  
with the help of double backed tape. 
t e r  heat  conduction proper t ies .  

Cryogenic  mounts a r e  usually meta l l ic  for bet- 

Studies into the bonding of organo metal l ic  compounds (especial ly  organo-tin 
Interpretat ion of i somer  shift values  and a compounds) have been fa i r ly  numerous.  

compilation of different data  h a s  been summar ized  in  two pape r s  by  Herbe r  e t  a1 
(29.30). F ig .  14 shows how the Mzssbauer  p a r a m e t e r s  fo r  a number of t in  com- 
pounds may be  grouped. Various organo-tin compounds fal l  in the crosshatched 

i 
kt -- 

\I 

+ a reas .  

A recent  investigation into the bonding of i r o n  i n  coal using Mcssbauer  i\ 

'\\Spectroscopy w a s  done by Lefelhocz and Kohman of Carnegie-Mellon University 
and Fr iede l  of the Bureau of Mines in P i t t sburgh  (2). Various coal samples  were  
run to  study the organically bound i ron in  the coal. 
f i r m s  that the i ron  sulfide in coal consis ts  mainly of pyr i te  and indicates  that  non- 
pyri te  i ron is in  a high spin i ron  (11) s ta te  having octohedral  coordination. 

The i r  pre l iminary  work con- 

\ 
\ 

The MBssbauer spec t r a  obtained by Lefelhocz e t  al. could not be  compared  
Some spec t r a  with s imi l a r  d and Avalues  ' di rec t ly  to  any other repor ted  spec t ra .  

h a s  l ed  them to  believe that the i ron  may be bound to  heterocycl ic  nitrogen aromat ic  
groups in the coal m a c e r a l s  o r  possibly in a clay-like s i l icate  mine ra l  o r  gel. 

Another a r e a  of usefulness  for  Mbssbauer  Spectroscopy is the investigation 
of catalysts  and the i r  functions. 
NSEC has recent ly  been working with a number of companies  i n  th i s  a rea .  
r e su l t s  have shown different M8ssbauer  pa t te rns  fo r  new and used  ca ta lys t s  of i ron  
oxides a s  w e l l  as  complex i ron  compounds. 
m a y  somet imes  be p re sen t  in different ra t ios  for  the  new and used  catalysts .  
fully future  work  will include investigation of t hese  ca ta lys t s  i n  working sys t ems  t o  
s e e  what influence adsorpt ion (and perhaps  react ion)  m a y  have on the M8ssbauer  
Spe ct r urn. 

Very little h a s  been published on this  type of work. 
I 

Initial 

' Both magnet ic  and non-magnetic f o r m s  
Hope- 

. 
' 
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Some work has  been done on adsorpt ion studies using the M6ssbauer  effect. 
FIin5 2nd co-.??orkerc studied i r o n  o n  the siirface 0: A i  22'3 i32j. An anisotropy of 
t he rma l  vibration re la t ive  t o  the sur face  was  observed.  This  resu l ted  in unequal 
peaks in the quadrupole sp l i t  spec t rum.  The l a r g e  quadrupole spli t  a l so  indicated 
tha t  the i ron  was p re sen t  in a highly a s s y m e t r i c  e lec t r ica l  field. 
vibration was  g rea t e s t  along the axis of the  e lec t r ic  field gradient (normal  to the, s u r -  
face)  compared  to  that pa ra l l e l  to the .surface. 

The amplitude of 

Other adsorpt ion s tudies  have been made  by Sur ton ,  Goodwin and Frauen-  
fe lder  a t  the University of Illinois (33) and by Shpinel and co-workers  i n  Russia  (34) 
and o thers  ( 3 5 , 3 6 , 3 7 ) .  Compar isons  were  made  between a toms in the bulk of the- 
ma t r ix ,  in the surface of the  ma t r ix  and 2 the su r face  of the mat r ix .  
of the  resu l tan t  spec t ra  with t empera tu re  f o r  each type sample were  used to  ex- 
plain the sur face  dynamics of a n  atom. It is hoped tha t  M6ssbauer  Spectroscopy 
will prove m o r e  useful in t h e  study of the sur face  dynamics,  chemical  s ta tesand  
magnet ic  proper t ies  of adso rbed  pa r t i c l e s  (including v e r y  thin fi lms).  

--- 
Variations 

This  explanation of MEssbauer Spectroscopy, description of equipment avail- 
able,  and the examples  of the applications that have been given a r e  all too brief.  
Much new information concerning the e lements  we a r e  able to  study has  been ob- 
tained using th i s  ve ry  sens i t ive  analytical  technique. 
be obtained by no other method. I 

tained using NMR, ESR and x - r a y  diffraction and other analytical techniques. 
Therefore ,  we can look forward  to inc reased  r e fe rences  t o  data obtained f rom M b s s -  
bauer  spec t r a  and fur ther  ref inement  of MBssbauer Spectrossopy. 

Some of this information can 
Other information compliments  what h a s  been ob- 

. .  



Mosrbauer effect observed (32 Elements) Marsbauer effect predlcted (17 Elements) 

FIG. 1. Occurrence of the Morsbauer EfTect (26) 

, 

Fig. 3. Isomer shift. The effect of the electric mono. 
pole interaction Is to shift nuclear lwels without rp.. 
rating the magnetic rublwelr. The shifts are very 
small as compared to the total energy of the gamma 
ray, 10-12 ET. (7) 
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Fig. 4. Mossbauer spectra can contain 
more than one line, if energy levels are 
split by interaction that depends on nu. 
clear orientation. In this'case SnF, spec- 
t rum is doublet because Sn"e electric rno  
ment interacts with inhomogeneous field 
of surrounding F atoms.(') 

Fig. 5. Quadrupole splitting. The interaction of the nuclear quadrupole moment 
Q. with the gradient of the electric field, eq. i s  illustrated for nuclear ground: 
state spin Igd = 1/2 and for isomeric-state spin Its = 3/2; the diagrams are 
applicable to Fe". Snl1*. and TrnlW. among other isotopes. For the ground 
state. or any state with I = 1/2. Q is  inherently zero. An example of a pure 
quadrupole Mossbauer absorption spectrum is  shown. ( 1 )  
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5 e o L : '  ' " 1 1  1 * 1 I , I  2 - - ' .2-1.0-08-0.6-0.4~.2 0 0.2  0.40.6 0.8 1.0 1.2 

VCLOClTY (CWSEG) 

ELECTRIC - _  
MONOPOLE MAGNETIC ' 

SHIFT DIPOLE 
SPLITTING 

L 

FiB. 7.  Magnetic hyperfine splitting for I,,r = 1/2 
l is  = 3/2. As a result of the selection rule. a m  2 
0, t 1, only six of the possible eight lines are observed. 
The graph shows the Fe" hyperfine splitting of FnF,. 
v11ii.rh. corresponds to 8 field of 620,000 oersteds.(r) 

Fig. 9. A posaible interpretation of the Po" Mber- 
bauer ieomer rhifta in variour solidr. The tow r-el-- 
tron denrity b plotted M a function of the percentage 
of 48 character for varioum d-electron oonfigurations. 
The ? O M O M  for plrolng tho Uperlrnontrl drta on given 
theoretlcal ourva uo dIoouered k the t d .  The 008- 
rtmt C - 11 873 (13) 
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Fig. 10. (a) Values lor the isomeric abilu and (b) \. 'ocs lor the qusdrupolc 
splittinplol Mbssbauo l inp in lmou and ferric compounds. (1) 

Radiation source: 5'Co in plarinum at 25 'C. 
Abscissa: Velocity 01 the source relative to the absorber IVMl/SCCl 

Fe I*] - iron in complcrcr and metals. 
Fo [**I - iron in u)mpIcxu. 

Fie.11. Mossbauer absorption spectra with 
a source of Co" diffuscd into PC and kept 
at room temperature and absorbers of (01 
rat red cells at 4'K and isotopically en- 
riched with Pen. ( b )  crystalline rat OXY. 
hemoglobin at 77.K. (e) human COrhc- 
moglobin (in a COS atmosphere) at 
77°K. ( d )  human hernodobin (in a N, 
atmosphere) at 77°K. and (e) human 
CO-hemoglobin (in a CO atmosphere) at 
77'K. We have used the standard notation 
that aourcc approaching absorber is posi- 
tive velocity. (IO) 

Fig. 12. A Constant Velocity Kossbauer Effect Analyzer 

7 r-- II--- -1_-- 

---- - - 
_I 

Fig. 13. A Constant Acceleration Mossbauer Effect Spectrometer 
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Fig. 14. Correlation diagram of the quadrupole s b l i t t i n g  and chemical 
s h i f t  values for Tin Compounds a t  78'K (38) 
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